Peripheral arterial disease (PAD) is common, but often not diagnosed. A biomarker index would be useful to raise suspicion of PAD, so as to trigger appropriate vascular testing and management. The study comprised 540 individuals: 197 individuals with both coronary artery disease and peripheral arterial disease (CAD + PAD); 81 with CAD only; and 262 with no hemodynamically significant disease (NHSD) of the coronary or peripheral arteries. Multiple linear regression was performed to generate a biomarker panel score that could predict ankle-brachial index (ABI). Logistic regression was used to investigate the relationship between disease status and the panel score as well as other risk factors (e.g. age, diabetes status, smoking status). ROC analysis was performed to test the prediction power of the biomarker panel score. Among the plasma markers tested, beta 2 microglobulin (β2M) and cystatin C had the highest correlation with ABI, and higher than any of the conventional risk factors of age, smoking status, and diabetes status. A biomarker panel score derived from β2M, cystatin C, hsCRP, and glucose had an increased association with PAD status (OR = 12.4, 95% confidence interval (CI) 6.6-23.5 for highest vs lowest quartile), which was still significant after adjusting for known risk factors (OR = 7.3, 95% CI 3.6-14.9 for highest vs lowest quartile). In conclusion, after taking into account the traditional risk factors for PAD, a biomarker panel comprising β2M, cystatin C, hsCRP, and glucose adds useful information to assess the risk of disease.
Introduction
Peripheral arterial disease (PAD) affects 8 to 12 million individuals in the United States and is also prevalent in Europe and Asia. [1] [2] [3] [4] Classically, PAD causes limb fatigue or pain brought on by exertion and is relieved by rest (i.e. intermittent claudication), and reduces functional capacity and quality of life. 5, 6 It is frequently associated with coronary and cerebral disease. 6 Patients with PAD are at increased risk from myocardial infarction, stroke, aortic aneurysm, and vascular death, as well as ischemic ulceration and amputation. 7 The high risk of vascular events in PAD is reduced by aggressive risk factor modification. In these individuals, the use of statins, angiotensin converting enzyme inhibitors, and antiplatelet therapy reduces morbidity and mortality. 8 Unfortunately, PAD is underdiagnosed and undertreated. In fact, many of those affected do not manifest the classic symptomatology. Classic claudication is only noted by 10-30% of patients 6, 9 and atypical leg discomfort occurs in 20-40%. 6 Up to 50% of patients do not complain of leg symptoms. However, even these individuals have a reduced lifespan without aggressive treatment. 10, 11 Thus, it is important to diagnose PAD, even in the patient without classic symptomatology. Discovery of biomarkers that are highly associated with PAD would aid greatly in identifying such patients.
Biomarker index scores are increasingly used in medicine to refine diagnosis and to aid in prognostication. For example, such index scores are used to assess the risk of progressing from cirrhosis to hepatocellular carcinoma in patients infected with hepatitis virus, 12 or to assess the likelihood that breast cancer will recur. 13 Generally, these index scores perform better than individual markers. Few studies have explored combinations of markers to create a discrete index score to stratify individuals according to their risk of having PAD. None have used an agnostic proteomic profiling approach to develop a biomarker index. We have done so, and reported that beta 2 microglobulin (β2M) and cystatin C were preferentially elevated in patients with PAD. 14 The current study extends that work to develop and validate a PAD biomarker panel.
Methods

Individuals
A total of 540 individuals were investigated in the study. They were randomly selected from the ongoing GenePAD study. 15 Of these 540 patients, 44% are a subset of the patient sample described in Wilson, et al. 14 However, in the current study, we used a fresh aliquot of plasma for all patients, and measurements of β2M and cystatin C were performed de novo.
This study of the genetic determinants of PAD comprises individuals undergoing coronary angiography at Stanford University or Mount Sinai Medical Centers. The PAD status of these individuals was not known to the investigators at the time of informed consent and recruitment into the study. Ankle-brachial index (ABI) was determined immediately after recruitment, followed by a comprehensive clinical characterization which included coronary angiography. Patients with PAD had a resting ABI of < 0.90 or, in those with noncompressible ankle arteries, a toe-brachial index of < 0.60. The glomerular filtration rate (GFR) was estimated by the Modification of Diet in Renal Disease (MDRD) method. 16 Coronary angiograms were reviewed by an experienced angiographer blinded to the individual's ABI. A significant coronary lesion was defined as an angiographic stenosis of ≥ 60% in any vessel. The GenePAD study was funded by the National Heart, Lung and Blood Institute (NHLBI) and approved by the Stanford University and Mount Sinai School of Medicine Committees for the Protection of Human Subjects.
Measurement of markers
Venipuncture was performed on fasting individuals and serum and plasma samples were stored at -75°C. Glucose, high-density lipoprotein cholesterol (HDL), triglycerides and total cholesterol were all measured by standard assays using the AU5400 Chemistry Immuno-Analyzer (Olympus Inc). Low-density lipoprotein cholesterol (LDL) was measured by standard assay using the AU640 Chemistry Immuno-Analyzer (Olympus). Beta 2 microglobulin, high-sensitivity C-reactive protein (hsCRP) and cystatin C assays were measured using standard nephelometry using the BNII-Nephelometry system (Dade Behring Inc). All assay reagents were supplied by the relevant manufacturer with the exception of the β2M nephelometric kit (The Binding Site, Inc). Controls were pur-chased from Bio-Rad Laboratories or Cliniqa Corporation.
Data analysis and statistics
Dichotomous variables are expressed as prevalence in number and percent, and continuous data are expressed as the median (25th to 75th percentiles). Univariate comparisons of risk factors and laboratory results were calculated using the Fisher exact test for dichotomous variables and using the nonparametric Mann-Whitney U-test for continuous variables. Spearman coefficient of rank correlation was performed to assess the relationship of data to ABI. Calculations were performed using Prism 4.0 (Graphpad). Multiple linear regression was performed using all combinations of the markers to generate a multi-marker panel score that could predict ABI. The biomarker values were treated as continuous variables. The score was derived from the equation: 1.169069 + (0.020299 * β2M) -(0.004312 * hsCRP) -(0.149757 * cystatin C) -(0.000976 * glucose). Because the output of the linear regression analysis was positively correlated with ABI, the biomarker panel score was defined as the inverse of the linear regression output so that a higher score would indicate a higher risk. Logistic regression was used to investigate the relationship between the disease status and the biomarker panel score as well as other risk factors (e.g. age, diabetes status, smoking status). Receiver operating characteristic (ROC) analysis 17 was performed to test the predictive power of the biomarker panel score. All individuals were assigned a score using the American Heart Association (AHA) Framingham risk score charts based on data obtained at recruitment.
The odds ratio was calculated in the logistic regression analysis. R was used in the linear regression analysis. SAS was used for logistic regression analysis and odds ratio calculation. Analyze-it was used for ROC analysis.
Results
All study participants underwent coronary angiography (n = 540), and included a group with no hemodynamically significant atherosclerosis (NHSD; n = 262); one with CAD + PAD (n = 197); and a group with CAD alone (n = 81). The CAD + PAD group was slightly older than the NHSD group, and was more likely to be receiving medications for hypertension (86% vs 71%) for hypercholesterolemia (79% vs 56%), and for diabetes (45% vs 20%). All biochemical markers for cardiovascular risk were higher in the CAD + PAD group than in the NHSD group (Table 1) .
Correlation analysis was performed to determine which characteristics were most highly associated with ABI. The traditional risk factors most strongly associated with PAD were diabetes status and age ( Table 2) . Among biochemical markers, β2M and cystatin C correlated most strongly with ABI.
Linear regression using these variables was performed to generate indices for various combinations of two, three, and all four biomarkers. For the four marker index, each of the biomarkers is significant (p < 0.001) in the model. These linear regression indices were positively correlated with ABI, i.e. a lower value of the linear regression index indicated lower ABI. The biomarker panel score was defined as the inverse of the linear regression index so that a higher biomarker panel score would indicate higher likelihood of positive PAD status. The odds ratio was calculated for each of the quartiles for each of the individual markers as well as for each of the combinations ( Table 3 ). The panel score comprising all four markers had the highest odds ratio when comparing the highest quartile versus the lowest quartile, and its significance was still apparent even after adjusting for traditional risk factors of age, diabetes, and smoking. The quartile cutoffs for the marker combination are quartile 1, 0.949651; median, 0.994995; and quartile 3, 1.015032. After adjusting for the traditional risk factors, individuals in the top quartile of the four marker index had a sevenfold greater chance of having PAD (Table 3 ). We performed the Hosmer and Lemeshow Goodness-of-Fit Test, with the resulting chi-square of < 0.0001 and p > 0.9999, indicating there was not a lack of fit of the model. In addition, each of the terms in the regression model was statistically significant (p < 10 -4 ).
ROC analysis was performed to determine the diagnostic accuracy of conventional risk factors, the AHA score, and the biomarker panel ( Figure 1 ). ROC analysis of conventional risk factors (age, diabetes, and smoking) resulted in an AUC of 0.78 (95% confidence interval (CI) 0.73-0.82), and addition of the biomarker score to these factors increased the AUC to 0.82 (95% CI 0.78-0.85), which was statistically significant (p = 0.014). ROC analysis using the AHA score in the prediction of PAD resulted in an AUC of 0.70 (95% CI 0.65-0.75), and addition of the biomarker score increased the AUC to 0.76 (95% CI 0.72-0.81), p = 0.0002. Because these results compare patients with CAD and PAD with those with no significant hemodynamic disease, the elevation in biomarkers might be associated with the pathophysiology of CAD, of PAD, or both. Thus, the series of individuals with only CAD (n = 81) was compared with the CAD + PAD group. These groups were very similar with respect to the burden of the traditional risk factors, although diabetes and tobacco use were more prevalent in the CAD + PAD group. The mean value of each of the biomarkerscystatin C, CRP and β2Mwas greater in the CAD + PAD group (Table 1) . The biomarker panel score was able to distinguish between the CAD group and the CAD + PAD group, although the AUC of the ROC was lower than that obtained when comparing the CAD + PAD versus NHSD groups (Table 4 ). Figure 2 illustrates the odds ratio of CAD + PAD status in analyses in which study participants were stratified into nine groups according to the value of the AHA risk score and that of the four biomarker panel score. Individuals were assigned an AHA risk score using the traditional cardiovascular risk factors as described. 18 AHA risk scores of < 5 (low), 5 -10 (medium), and > 10 (high) were associated with increasing risk of PAD (p = 0.006 for men and < 0.001 for women using the score from the linear regression by ANOVA). The odds ratio was calculated by comparing each of the eight groups to the one with the lowest risk of disease (low AHA risk score and low biomarker panel score). Individuals with a low AHA risk score and a low biomarker panel score had the least risk of PAD. Individuals with a high AHA risk score and a high biomarker panel score had the greatest risk of PAD. There was a trend towards increasing risk of PAD as a function of increased AHA risk in combination with an increased PAD panel score. 
Discussion
In this study, we demonstrated that a four biomarker panel comprising β2M, cystatin C, hsCRP, and glucose is associated with the presence of PAD independent of traditional risk factors. The biomar-kers β2M and cystatin C were chosen based upon a comprehensive proteomic profiling effort that included over 1600 plasma protein peaks by mass spectroscopy. 14 Of the 1600 peaks, those representing β2M and cystatin C were most strongly correlated with the ABI. 14 Thus, these biomarkers were chosen from a much larger pool of possible biomarker candidates. The current manuscript describes a logical extension of that work, now showing that individuals in the top quartile of the four biomarker panel score had a sevenfold greater risk of PAD. Thus, we were able to identify individuals at a greatly increased risk for the presence of PAD, even after adjusting for traditional CV risk factors. Such a biomarker panel may be useful in alerting the clinician to the possibility of PAD in patients who might otherwise be undiagnosed. These findings extend our recent observations using plasma proteomic profiling for PAD. We found that β2M and cystatin C are associated with PAD and systemic atherosclerosis. 14 Several other biomarkers have been described as having an increased association with PAD including CRP, 19, 20 pregnancy-associated plasma protein A, 21 lipoprotein(a), 22, 23 interleukins, and fibrinogen. 24 However, these markers were not studied in models that incorporated other risk factors and/or biomarkers.
Cystatin C was included in our model as it was implicated as a biomarker of PAD by our initial proteomic profiling studies, 14 and by a previous report. 25 Several studies have shown that cystatin C is more strongly associated with all-cause and cardiovascular mortality than other measures of renal function such as serum creatinine or estimated GFR, [25] [26] [27] [28] underlining the strong link between impaired renal function and atherosclerosis. Like cystatin C, β2M is associated with renal dysfunction. 29, 30 In patients on dialysis, β2M levels Figure 2 Odds ratio of CAD + PAD status by AHA risk score and by biomarker panel score. AHA risk score using the traditional cardiovascular risk factors as described 18 of < 5 (low), 5-10 (medium) and > 10 (high) were associated with increasing risk of PAD (P = 0.006 for men and P < 0.001 for women using the score from the linear regression by ANOVA). The tertile cutoffs of the biomarker panel score were used to determine the risk level: low (< 0.991), medium (0.991-1.033), and high (> 1.033). The n in each group were as follows: low AHA/low panel score, n = 8; low AHA/medium panel score, n = 17; low AHA/high panel score, n = 32; medium AHA/low panel score, n = 71; medium AHA/medium panel score, n = 81; medium AHA/high panel score, n = 75; high AHA/low panel score, n = 57; high AHA/ medium panel score, n = 39; high AHA/high panel score, n = 30. ns, not significant. are greatly elevated and contribute to amyloid deposition with associated cardiovascular dysfunction. 31 Elevated levels of β2M have been associated with atherosclerosis 32 but not with PAD until our recent report. 14 The association of cystatin C and β2M with PAD may in part reflect the association between renal insufficiency and PAD, which has been demonstrated in several studies β2M. 33, 34 However, we have previously shown that the relationship between β2M and PAD was largely independent of estimated creatinine clearance. 14 Another explanation for the elevation of β2M in PAD is the fact that this protein may be shed from cells with injury or inflammation. The original hypothesis driving our proteomic profiling effort was that in PAD patients a repetitive ischemiareperfusion injury of the limbs might cause characteristic changes in the microvasculature and tissue, including the shedding of endothelial proteins. 20 Notably, β2M is not covalently attached to the major histocompatibility complex, which may explain its tendency to be released during injury.
Inflammation plays a prominent role in atherosclerotic syndromes. 20 Because of its probable role in immunity and inflammation, the association of β2M with PAD or with alterations in vascular structure 35 could also be related to vascular inflammation. 36 The inflammatory modulator CRP is also increased in patients with atherosclerosis and is predictive of the development of PAD. 37 We hypothesized that combining biomarkers may create a panel with higher classification accuracy than the individual biomarkers, in part because each marker may reflect different pathophysiologies contributing to PAD. CRP levels did not correlate strongly with renal function in our study (data not shown). In fact, CRP levels have been shown to be significantly related to adiposity and insulin resistance in a range of population studies, whereas renal impairment is often associated with reduced body mass, particularly in elderly individuals. Thus, we suggest that the use of other markers in combination with a measure of CRP may provide complementary information in this context. With respect to the practical application of such an algorithm, one approach would be to derive a score from the algorithm that provides the clinician with quartiles or tertiles of risk for PAD. Given that the current calculation of the panel score spans a narrow range, linear rescaling would be appropriate in order to provide a clinically relevant scale.
The association of fasting glucose with ABI was not surprising in view of the strong relationship between diabetes and PAD. However, many patients with or at risk of atherosclerosis have elevated fasting glucose prior to the diagnosis of diabetes, largely as a manifestation of insulin resistance. Thus, the use of fasting glucose is useful in this set-ting and would be applicable to population-based screening. Lipid levels were assessed in our study, and they did not add to the predictive ability of the model (data not shown). This finding is consistent with other studies that have found that lipids are a better marker for CAD than PAD.
After adjustment for smoking, diabetes and age, the combination marker score was able to identify a group with an odds ratio of > 7 for PAD in a population of patients referred for coronary angiography. Accordingly, this marker panel may be a useful diagnostic adjunct. Currently, clinical assessments of risk factor burden, such as the AHA risk score, incorporate 'traditional' CV risk factors and are used to predict risk of future events. To the extent that the AHA risk score reflects the burden of CV risk factors, it approximates the clinician's assessment of the risk of vascular disease. Accordingly, we compared the predictive power of the biomarker panel against the accepted AHA risk score. Individuals at highest risk were those with both a high AHA score, and a high biomarker panel score. Notably, there was a group of individuals with low AHA risk scores but high biomarker scores who were at high risk of PAD. Thus, the biomarker panel might identify a group of highrisk patients who would be missed using standard CV risk factor analysis.
The ABI is widely cited to have a specificity and sensitivity in the range of 95%. However, the sensitivity is reported to be lower (less than 80%) in a more recent study with angiographic confirmation. 38 These more recent data differ from earlier oftquoted papers in that the earlier studies typically used patients with severe disease and compared them with young, healthy controls, thus eliminating borderline and mild disease and inflating the calculated sensitivity.
Nevertheless, the ABI provides a relatively simple and non-invasive test that has very good sensitivity and specificity when the test is performed by a trained individual. However, the time and space for the technician to perform the test are real costs. Furthermore, despite the availability of the ABI, and despite the urging of opinion-leaders for decades, the ABI has not been adopted by primary practitioners in their practices. Accordingly, PAD patients are underdiagnosed, and undertreated. 9, 39 The primary practitioner lacks the specialized equipment and trained personnel to perform ABI measurements in the office setting. A blood test that increases the clinical index of suspicion could identify patients that merit greater scrutiny for PAD. Patients with elevated scores would be referred to vascular specialists who could provide further evaluation and appropriate management. In particular, intensive risk factor modification confers longevity in these patients and extends freedom from major adverse cardiovascular events. 40 
Study limitations
Because the algorithm to evaluate the biomarker panel was trained on a single dataset, validation of this specific algorithm needs to be performed on an independent dataset. Furthermore, although this study confirms that cystatin C and β2M are independent predictors of PAD, 14 the strength of the validation is diminished by the fact that the study population in the previous report is a subset of the current one. The c-statistic for the CAD + PAD versus CAD alone groups suggests that the biomarker panel may be a stronger discriminator of atherosclerosis generally rather than PAD specifically. Although this blood-based index may be helpful in identifying patients at increased risk for systemic atherosclerosis, further studies are needed to determine its association with morbidity and mortality in larger populations, including those from lower risk populations. If the panel proves useful in prognostication, it would be important to study the effects of medical therapy on the biomarker panel. 
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